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Methylmercury (MeHg) production is magnified in the natural environment by
geochemical influxes and an active sulfate reducing bacteria community. It has been
found that the presence of sulfides, excess nutrients, and the type of depositional
environment (normal marine or euxinic) greatly influences MeHg production and degree
of pyritization (DOP).
The aim of this research is to investigate a possible connection between MeHg
accumulation and the DOP in Weeks Bay sediment. Collected sediment samples have
confirmed a significant presence of total reduced sulfides, inorganic mercury, reactive
iron, and total organic carbon.
Pyritization results indicate a normal marine environment and, of the three
measured elements (S, Fe, and C,) carbon and sulfur are the dominant limiting factors to
the DOP in Weeks Bay. Current geochemical and pH/redox conditions favor MeHg and
pyrite production. The quantified pyrite greatly exceeds that of MeHg indicating DOP
inhibits MeHg precipitation.
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CHAPTER I
INTRODUCTION

Mercury contamination in the Gulf of Mexico is becoming an increasing problem
as evidenced by its bioaccumulation in seafood (Whalin 2007 et al., Heyes et al. 2006,
Michael 2001). The contamination is being introduced into the environment in a variety
of ways, including mining and metal processing, and predominantly as atmospheric
pollution (Figure 1). Atmospheric mercury deposits into all environments; but for this
study, into fluvial environments where it is transported as wet deposition into estuaries
and eventually into the Gulf of Mexico. It is in estuaries, and in river systems, connected
to the Gulf Coast that inorganic mercury becomes methylmercury (MeHg) through a
process known as methylation mediated by sulfate reducing bacteria (SRB). The MeHg
readily binds to organic tissue in many marine organisms and accumulates up through the
marine food chain as one organism consumes the other (Figure 2).
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Figure 1. The atmospheric mercury cycle and wet sediment transport.
(National Oceanic and Atmospheric Association, 2011, www.noaa.gov)
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Figure 2. The methylation and bioaccumulation of mercury.
(National Oceanic and Atmospheric Association, 2011, www.noaa.gov)
It is hypothesized that in Weeks Bay MeHg production is magnified in the natural
environment by nutrient influxes, mainly continental run off, and by the dominance of
SRB sustained through high levels of carbon and sulfate within the sediment. The
deposited mercury reacts with the sulfides in the sediment to precipitate mercury sulfur
compounds (Heyes et al. 2006, Orem and Aiken 2011). SRB interact with these
compounds, undergo methylation, and produce MeHg as a bacterial by-product. As a
3

result, low levels of MeHg will be present to bioaccumulate through the marine food
chain making seafood consumption a significant health risk. It has been found that the
presence of sulfides, excess nutrients, and the type of depositional environment (normal
marine or euxinic) will greatly promote or inhibit MeHg production and bioaccumulation
(Aiken 2011, Whalin et al. 2007).
It can be inferred that if the sulfides in the sediment reacts with an element other
than mercury, such as iron, the methylation process would be inhibited if not completely
negated. This study will focus on quantifying the concentrations of sulfides and reactive
iron in the sediment to determine if they have any connection to promoting or inhibiting
MeHg accumulation.
By building off of the work of Morse et al. (2007) and Morse et al. (2002), this
work focuses on extracting the sulfides and iron found in pyrite, and other iron sulfides in
the sediment, and quantifying them for geochemical comparison analysis using the
degree of pyritization (DOP). The extracted sulfide and iron concentrations are used to
calculate the DOP useful for determining how much sulfide is being used to react with
reactive iron rather than the deposited mercury. The DOP also has a use for determining
the type of depositional environment (euxinic or normal marine) which is important to
consider because the environment has a direct impact on prevailing geochemical
reactions (Raiswell and Berner 1985, Morse et al. 2002).
Within the literature review, the geology of Alabama and Weeks Bay will be
established before visiting the geochemical aspects of the research. It is important to
describe the geological processes that impact Weeks Bay, such as of type sediment
deposition from Fish and Magnolia rivers, because the geology of the bay influences the
4

sedimentary and geochemical environment in which deposited inorganic mercury
methylates and pyrite precipitates. Once the geology is defined, a brief description about
the geochemical processes of Weeks Bay with respect to iron, carbon, and sulfur and how
it ties into the sediment and water interface will be provided. The literature review will
also detail the relevant research into the degree of pyritization and the relevance of
extracting acid volatile sulfides (AVS) and total reduced sulfides (TRS).
Multiple methods were used to obtain a wide range of geochemical data useful for
a complete analysis that will either support or inhibit mercury methylation and the DOP.
After the literature review, the hypothesis will be stated followed by the methods,
discussion, and concluding remarks.
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CHAPTER II
LITERATURE REVIEW

Alabama and Sediment Geology
Alabama's vast geologic history, including episodes of continental collision and
mountain building, has produced a diverse landscape with great variation in physiography
(Berry and Ebersole 2012, Adams et al 1926). The state is divided into five regions:
Cumberland Plateau, Highland Rim, Valley and Ridge, Piedmont Upland, and East Gulf
Coastal Plain (Figure 3). Each region is characterized by specific rock age and
composition. The Highland Rim primarily consists of Paleozoic limestone and chert. The
Cumberland Plateau consists of Paleozoic sandstone, shale, and limestone. The Valley
and Ridge consists of Paleozoic sedimentary rocks. The Piedmont Upland retains its
features from the Appalachian mountain building event (Ordovician) consisting of
crystalline metamorphic and igneous rocks as old as Precambrian through the Paleozoic.
The East Coastal Plain, making up the largest part of Alabama, consists of late Mesozoic
through Cenozoic siliclastic sediments. The Coastal Plains is relatively flat, featureless,
and gently sloping with a few areas of rounded and eroded hills.
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Figure 3. The five physiographic regions of Alabama.
The Physiographic regions of Alabama. (Cartography Research Lab., University of
Alabama and Geological Survey of Alabama) Mike Neilson, 2006,
(www.mikeneilson.com/Alabama%20Landscapes%201/Introduction.htm)
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Weeks Bay is located in the lower coastal plain of Alabama, a largely subtropical
region greatly influenced by the Gulf of Mexico. The bay experiences relatively high
amounts of yearly precipitation (roughly 200cm/year), typical of subtropical climates,
and daily tidal influxes from Bon Secour Bay which is connected to the much larger
Mobile Bay that feeds into the Gulf of Mexico (Berry and Ebersole 2012, Miller et al
2006, Thomason 2008) (Figures 4 and 5). The Fish and Magnolia river watersheds drain
into Weeks Bay supplying fresh water and sediment from the North and East.
All the physiographical regions of Alabama contribute to the Mobile drainage
basin connected through a large network of tributaries and rivers. Fish river (Baldwin
county) has its own drainage basin that only extends a few miles North through the
Coastal Plains (Figure 5). Weeks Bay reflects the composition of the Coastal Plains,
predominantly sediments of Holocene fill (Berry and Ebersole 2012), described as sands,
silts, and clays. The rocks in the region that erode and travel into Weeks Bay
predominantly consist of chalk, sandstone, limestone, and mudstone. However, it is not
unlikely that other sediment, such as weathered Piedmont region iron-bearing silicates,
enter the Fish River watershed from continental runoff or circulation through Mobile Bay
and deposit into Weeks Bay through the daily incoming and outgoing tide from the Gulf
Coast.
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Figure 4. Mobile Bay and Weeks Bay area, South Alabama.
(Miller et al 1996)
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Figure 5. Fish River watershed in Baldwin County, Alabama.
(Thomason 2008)
Currently Weeks Bay is gradually filling with sediment experiencing roughly
64,000 tons per year of sediment input and 32,000 tons per year of sediment output
carried with the outgoing tides and depositing in Mobile Bay (Sharp 2009). Fish River
provides the majority of Weeks Bay sediment deposition with Magnolia River and
10

continental runoff making up the rest. A sedimentation rate for Weeks Bay is not readily
available due to it receiving less attention than larger bays along Gulf Coast. However,
Wilson (2003) determined a sedimentation rate of 0.07 cm/year based on one core sample
at the mouth of the bay.

Estuary Classification and Weeks Bay
Weeks Bay is a small estuary typically defined as a semi-enclosed body of water
with a free connection to the open sea, through Mobile bay, where sea water is mixed
with fresh creating brackish waters (Pritchard 1967, Dyer 1997, Michael 2001). Tidal
motion defines estuaries bringing in sea water (20-35ppt) that mixes with fresh water.
Daily periodic high and low tide, period varies by season, is responsible for salinity
mixing and sediment circulation in Weeks Bay. Fresh water from the rivers, continent
runoff, and precipitation dilute the salt water that comes in with the high tides resulting in
a wide range of salinity (0-35ppt) that fluctuate depending on the season (wet or dry),
changes in sea level, tide occurrence and dominance, and more.
Estuaries are considered to be the most productive water bodies in the world
(complex ecosystem) in part due to their connection to the ocean, one or more rivers, and
continental runoff (Levinton 1982 and Michael 2001). There are also other geographical
and geological factors such as climate (warm and humid being very conducive to bay
productivity), sea level elevation, salinity mixing, sedimentation, ecosystem energetics,
urbanization, and more (Michael 2001). Simply speaking estuaries serve as a filter to the
ocean collecting vast amounts of nutrients.
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Alongi (1998) and Michael (2001) characterized estuaries by high population
densities and varieties of microbes, macro fauna, and benthic organisms such as shrimp
and sea grass fauna. Estuaries are sensitive environments highly variable in physical,
chemical, and biological properties. Some of the more common stresses impacting
estuaries are seasonal eutrophication, salinity variations, and heavy metal deposition (iron
oxides, iron silicates, mercury) from erosion and anthropogenic origin (Michael 2001,
Monrreal 2007). The criterion used to classify an estuary varies. However, classification
is generally based on geomorphology and water circulation. The following classification
(Table 1) produced by Michael (2001) serves to simply estuary classification.
From a geomorphological standpoint there are five types of estuaries; (1) coastal
drowned river valleys, (2) fjord type estuary, (3) coastal bar-built estuary (formation of
barrier beaches that enclose a shallow bay), (4) glacial process estuary, and (5) estuaries
produced by tectonic processes (Pritchard 1967 and Levinton 1982). Weeks Bay may be
considered a drowned river valley. Drowned river valleys are commonly found along the
coastline in a wide coastal plain. Coastal estuaries such as Chesapeake Bay and Mobile
Bay are products of the last deglaciation period (sea level rise) roughly 10,000 years ago
(Pritchard 1967). Weeks Bay may be a product of that period and formed during or after
Mobile Bay.
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Table 1. The types of estuary classification.

(Michael 2001)
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All estuaries are geologically short lived and can rapidly disappear with a
relatively small change in sea level (Levinton 1982, Dyer 1997). Deposition of sediment
and formation of salt marshes over time fill in estuaries contributing to their short
geological existence. Weeks Bay may be a drowned river valley estuary with a definite
positive sediment fill (Pritchard 1967 and Sharp 2009). Weeks Bay is also microtidal,
having tides less than two meters, and is a salinity positive estuary. Pritchard (1967)
defines an estuary as salinity positive when runoff plus direct precipitation exceeds net
water evaporation.
When the brackish waters of Weeks Bay evaporate the salinity increases;
however, because more fresh water input exceeds the evaporation loss of the bay
(indicative of a wet season) salinity concentration remains roughly between 2 and 12 ppt
(Ezell 2010). In dry seasons, Weeks Bay salinity increases but still remains in the upper
end of the brackish water threshold (2-24ppt) and perhaps achieves a neutral state
between fresh water influx and net evaporation loss. There has been no record that Weeks
Bay has ever become hyper saline because net evaporation would have to exceed fresh
water input creating an "inverse estuary" which would require a physiographic and
climatic setting that clearly is not typical to Alabama.
The salinity density gradients, differences in salinity of top and bottom water
columns, are a key characteristic of estuaries and drive their circulation pattern and
energy flow (Pritchard 1967, Levinton 1982, Dyer 1997, Michael 2001). The salinity
structure can be classified in three ways (Figure 6); 1) highly stratified, 2) moderately
stratified, and 3) vertically homogenous (Levinton 1982).
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Figure 6. The three types of salinity gradients.
Estuaries An Online Manual, Levinton, J.; and Kurdziel, J. 2011,
(http://life.bio.sunysb.edu/marinebio/fc.1.estuaries.html)
Highly stratified requires that river flow dominates tidal motion creating a thin
layer of lower salinity fresh water (top water column) over deeper higher salinity sea
water (bottom water column), this is not the case for Weeks Bay. A moderately stratified
15

bay requires moderate tidal motion that causes moderate vertical mixing at all depths.
There is still a difference between top and bottom water salinity, at any point bottom
water must exceed top, but the salinity range is smaller and widens only when moving
out to sea. A vertically homogenous bay has vigorous tidal mixing where tide dominates
river flow and no clear difference in salinity can be observed between top and bottom
waters.
According to the salinity analysis by Monrreal (2007) and Ezell (2010), and the
data collected in this study (Table 3), the Weeks Bay salinity structure is predominantly
moderately stratified. The lower salinity (less dense) fresh water discharge from the Fish
and Magnolia rivers, including ground waters, flow over as top water and moderately mix
with higher salinity (more dense) bottom water brought in by daily tidal motion from
Mobile Bay. There is a clear difference in salinity between top and bottom waters, with
the bottom generally more saline, indicating the presence of stratification. Hydrodynamic
modeling, as per communications with National Oceanic and Atmospheric Association
(NOAA), clearly supports stratification showing the daily dense salt rich high tide
pushing up North through the bottom waters of Fish and Magnolia Rivers against the
counter flow of fresh top water heading south towards the bay.
Weeks Bay has moderate tidal motion because Mobile and Bon Secour Bay
absorb some of the tidal wave energy originating from the Gulf Coast. However, periods
of vigorous tidal mixing (rough seas, high wind, storms, and hurricane activity) will
temporarily disrupt moderate stratification and vertically mix the top and bottom waters
causing a vertically homogenous salinity gradient. According to Ezell (2010), and my
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research a few sites at different times of day have recorded no clear salinity difference
between top and bottom waters throughout the bay.

Geologic Formation of Weeks Bay
The Mobile River delta valley was likely flooded by a 100m increase of sea level
following the last deglaciation period about 10,000 years ago. During this flooding the
sea transgressed into the low lying Fish river delta valley, currently Weeks Bay. The
large scale flooding indented the land surface eroding away large amounts of sediment
around the inundated Fish river delta. When the sea level regressed the deposition of sand
and movement of sandbars created sand barriers along the Gulf of Mexico, which can be
seen in Figure 4. Two enclosed shallow bays resulted (coastal bar-built estuaries)
currently seen as Mobile Bay and Bon Secour Bay (Figure 4).
The inundated Fish river delta valley remained a flooded river valley when the sea
level dropped. An increase in the Fish River watershed discharge, the addition of the
Magnolia River watershed discharge, and tidal influxes from the Gulf Coast was enough
to maintain water levels that filled the indented space created by the last sea
transgression. Thusly, the drowned Fish river valley remained to become Weeks Bay;
however, the mouth of the bay, including the body area of the bay, was likely wider than
it is today considering that Weeks Bay has been filling with sediment since the last sea
regression.
Weeks Bay will eventually completely fill with sediment and cease to be an
estuary and become a river valley once more. Although most of the sediment is derived
from the coastal plain (Cenozoic siliciclastic sedimentary rocks) there is also some likely
17

addition of older poor reactive iron-bearing silicates from the eroding elevated regions of
Alabama such as the Piedmont uplift. Eroded sediment from the elevated regions would
likely make up a portion of the poor reactive iron found in Weeks Bay. Weeks Bay is a
non-sedentary environment where the deposited sediment is resuspended regularly
(Matisoff et al. 2005) generating top and bottom water of varying turbidity. Only a small
portion of the resuspended sediment will leave the relatively small mouth of the bay, and
so the sediment that settles is older and any new sediment that comes in from the rivers
remains in Weeks Bay and does not washed out to sea, slowly filling in the bay (Matisoff
et al. 2005).
The mouth of Weeks Bay is nearly enclosed by a high percentage of sand as
shown in Figure 7. The accumulation of sand in the mouth and edges of the bay indicate
areas of slower moving water and shows how the bay will get smaller over time (filling
inward). The larger sand deposit at the mouth of the Fish river, when compared to
Magnolia river, indicates that Fish river contributes the most suspended sediment (Sharp
(2009). It is unlikely that the mouth of Weeks Bay will completely fill with sand any time
soon because of the tidal influx, contrasting water densities, and shear volume of water
that has to flow downhill out of the bay.
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Figure 7. Percentage of sand distribution in Weeks Bay.
(Gatewood 2000) (http://www.coastdata.southalabama.edu/sediment_data.html)
Mercury and Iron Geochemistry
The occurrence of periods of hypoxia (less than 63 µmol/L oxygen) has already
been established by Ezell (2010) and is known to be favorable to SRB in Weeks Bay
sediment (Middleburg and Levin 2009, Aiken 2011). There are three types of reducing
19

conditions with different geochemical by-products pertaining to each reducing condition
(Figure 8). Figure 8 illustrates that sulfate reduction is favored in anoxic conditions,
producing the hydrogen sulfide that will react with free reactive iron, forming amorphous
iron (FeS).
Investigations are ongoing into what conditions and or variables predominantly
inhibit or promote mercury methylation (Ullrich et al 2001, Aiken 2011, Orem and Aiken
2011). One generally accepted mercury methylation pathway is by SRB through the
reduction of SO4 (Figure 9). Hydrogen sulfide (H2S) is produced as a bacterial by-product
and complexes with deposited Hg forming cinnabar (HgS). The cinnabar eventually
interacts with the cell membrane of SRB, and other microbes, methylating Hg (Heyes et
al., 2006 Whalin et al. 2007, Aiken 2011). The cell membrane interaction is still not well
understood and will not be discussed in this paper any further. However, research has
shown possible enzyme interaction and other biological processes in methylating mercury
involving bacterial cells (Ekstrom et al. 2003).
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Figure 8. The reduction-oxidation ladder.
Middleburg, 2009. The top of the chart illustrates in sequential order (top being the
highest energy) the intake of elements preferred for microbial respiration, aerobic and
anaerobic, which drives the reduction process and generates by-products such as H2S.
Oxic is greater than 63µmol oxygen, Hypoxic is less than 63µmol oxygen, and Anoxia is
zero µmol oxygen.
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Figure 9. One potential pathway for MeHg production.
If one accepts the proposed Hg methylation pathway, H2S must react with
deposited mercury before methylation occurs; therefore, abundant concentrations of H2S
are needed for mercury methylation processes. It can be inferred that if the H2S reacts
with an element other than mercury, such as another reactive metal, the methylation
process would be inhibited if not completely negated. The following investigation will
focus on quantifying the concentrations of sulfides and reactive iron in the sediment to
determine if they have any connection to promoting or inhibiting MeHg accumulation.
Reactive iron was chosen because it is common in most terrigenous muds and can be
easily quantified through pyrite analysis (Raiswell and Berner 1985, Raiswell and
Canfield 1998, Morse et al. 2007)
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Berner (1970), Raiswell and Berner (1985), Cornwell et al. (1985), Morse et al.
(1995), Morse et al. (2007) have already established that reactive iron reacts with H2S to
complex amorphous iron (FeS) and other iron sulfide complexes such as greigite (Fe3S4)
and mackinawite (Fe1+xS). Reactive iron is deposited into Weeks Bay the same way as
any other element, usually through erosion from one or more of the five Alabama regions
(Figure 3) and fluvial transport (Dyer 1997, Michael 2001, Matisoff et al. 2005). There
are two pools of reactive iron 1) short term highly reactive iron and 2) long term poorly
reactive iron (Koska and Luther 1994, Raiswell and Canfield 1996). Koska and Luther
(1994) and Kunze and Dixon (1986) detail two methods of solid and porewater Fe
extraction from sediment. The cold 1M HCl method extracts high short term and long
term poor reactive iron and the citrate dithionate (CD) method for short term high
reactive iron only.
CD method iron is predominantly iron oxides that readily react with dissolved
sulfides and are considered to have a short half life ranging from days to a few years
(Koska and Luther 1994, Raiswell and Canfield 1996). The CD iron is considered to be
highly reactive and readily complexes into FeS. In general, the reactive iron
concentration that results from this type of extraction is from FeS in the sediment;
therefore, the amount of FeS minerals can be quantified. The short term (early
diagenesis) of this type of iron corresponds to the rapid depletion of H2S from
porewaters. Iron oxides are easily turned into FeS due to their short half life. For
pyritization analysis, where FeS becomes FeS2, CD method iron should be the majority
of the pyrite in bulk sediment of Weeks Bay.
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HCl method iron consists of long term (late diagenesis) silicate-bearing iron and
short term (early diagenesis) oxide bearing iron. The silicate bearing reactive iron
corresponds to the slow depletion of hydrogen sulfide allowing it to build up in pore
waters in greater concentration. Iron silicates are only pyritized in small portions because
of their high half life (long decay) which is approximately 80,000 or more years
(Raiswell and Canfield 1996). HCl method iron quantifies the total reactive iron and
gives a complete diagenesis of iron during the precipitation of pyrite. Reactive iron pool
separation and quantification are important for DOP calculations (Morse et al. 2007).

Sulfur and Carbon Geochemistry
Sulfides are typically present in marine sediments as iron sulfides and other sulfur
compounds (Berner 1970, Cornwell 1985, Morse et al. 2005). One of the more common
iron sulfide minerals is pyrite, typical to marine sediments. Sulfate from ocean waters
(tidal influx) also supplies a significant portion of sulfides observed in various sulfide
minerals complexes or bacterial reduction by-products such as hydrogen sulfide and other
sulfide species (Raiswell and Berner 1985, Wilkin and Barnes 1996, Neal et al. 2001).
The hydrogen sulfide and other sulfide species stability depends primarily on redox
potential (Eh) and existing pH levels of the water (Rickard and Luther 2007) (Figure 10).
For instance, hydrogen sulfide can only exist in water with little to no oxygen and acidity
lower than 7. Hydrogen sulfide is highly reactive in the presence of oxygen and will
readily change state into the sulfate species.
The way in which sulfur moves (cycles) from mineral to organism, mineral to
mineral, or any combination thereof in living systems is known as the sulfur cycle. More
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specifically, the sulfur cycle consists of many sulfide processes (transformations) through
means of various forms of reduction and oxidation (Figure 11).

Figure 10. Eh/pH stability diagram for the sulfide species.
(http://www.chnosz.net/Rpad/sulfur.png). Web browser based workbook for making
equilibrium activity diagrams.
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Figure 11. The reduction and oxidation of sulfur in a wetland.
(http://www.pubs.gov./fs/fs 109-03/images/fig6.jpg)
According to Canfield et al. (1986), Cornwell and Morse (1987), and Morse et al.
(2007) sulfides in the sediment can be classified and extracted into two types: 1) acid
volatile sulfides (AVS), and 2) total reduced sulfides (TRS). AVS minerals consist of FeS
and other iron mono-sulfides. They are generally unstable and will readily dissolve in
concentrated HCl. The TRS minerals include AVS minerals; however, when you subtract
the AVS minerals from TRS you get more stable and more complex iron sulfides, mainly
pyrite, that make up the TRS quantity. Simply, TRS minerals are considered to be pyrite
grains because pyrite is the most prevalent mineral in marine sediments. Because the TRS
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minerals are more complex, they require a more aggressive digestion than the AVS. In
general, AVS minerals are considered predominantly FeS because it is the first state
before pyritization into a TRS mineral. The FeS is also abundant and most likely to form
first in typical muddy marine sediments. There are many ways for an AVS mineral to
become a TRS mineral; however, the simplest and more accepted pyrite equation is
(Equation 1).
FeS + S0 → FeS2

(1)

The native sulfur (S0) is supplied from the ocean water (Berner 1970). It is also
possible for sulfate and other sulfur species to be reduced by microbes creating native
sulfur as a microbial by-product.
Canfield et al. (1986) details the procedure on TRS and AVS extraction from
marine sediments. Cornwell and Morse (1987) compare a variety of sulfide extraction
methods. Cline (1969) details the colorimetric analysis, using a spectrophotometer,
needed to quantify the sulfides after extraction. The quantified sulfides are needed along
with quantified iron data for DOP calculations.
Carbon circulates through the atmosphere, biosphere, and lithosphere through
various earth processes in many different chemical states known as the carbon cycle.
However, for estuaries the carbon cycle can be simplified into a more localized model
(Figure 12). Essentially, organic carbon enters a bay as dissolved organic carbon (DOC)
or particulate organic carbon (POC), such as plant matter, microbial matter, plankton and
algal matter, and other larger organisms such as fish. The carbon enters from stream
transport, ground water influx, continental runoff, and influx from ocean. Plants and
animals grow and perish within a bay and become incorporated into the sediment as
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organic carbon. The carbon is metabolized by heterotrophic microbes, such as SRB,
through respiration.

Figure 12. The cycling of carbon in a wetland.
(http://www.selba.org/GEDSEsp/Ecologica/Images/CarbonCycle.jpg)
Heterotrophic microbial activity is limited by the amount of organic carbon buried
in the sediment. As long as the carbon is present, SRB also are productive within hypoxic
conditions; however, they thrive best in anoxic conditions favorable for reduction of
sulfates (Ullrich et al. 2001, Aiken 2011).
Dissolved organic carbon in the porewaters and sediment also help to make iron
sulfides and cinnabar more soluble. The DOC is a lignand to HgS and as a result can limit
HgS nucleation, the increase of cyrstal size and order (Ullrich et al. 2001, Orem and
Aiken 2011). Simply, the DOC forms a barrier around the HgS crystal limiting its growth
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and keeping it small and bioavailable for microbial intake. If the HgS crystallizes beyond
a certain size (nanometers) the microbial cell wall interaction becomes less effective
since that the bigger more ordered HgS would not able to pass through cell wall of the
SRB. Inorganic mercury is also known to complex with DOC and be transported in rivers
and ground water. When attached to DOC the inorganic mercury finds its way into the
sediment (burial of carbon) where it can interact with sulfides and SRB deep in the
sediment (Ullrich et al. 2001, Aiken 2011).

Degree of Pyritization
As discussed by Berner (1970) pyrite precipitates as a result of hydrogen sulfide
abundance, from SRB respiration, in the sediment and water column. Hydrogen sulfide
reacts with reactive iron to form FeS and other mono-sulfides which are unstable. Only
when elemental sulfur is introduced, through breakdown of hydrogen sulfide in an
oxygenated environment, will it react with FeS (in a hypoxic/anoxic environment) and
create a more stable iron disulfide known as pyrite (Equation 1). The DOP is a
measurement of all available reactive iron that was pyritized and it is calculated by Morse
et al. (2007) (Equation 2).
DOP= pyrite Fe/ (pyrite Fe +reactive Fe)

(2)

AVS minerals are iron sulfides that form with pyrite grains. TRS minerals are
AVS minerals plus pyrite. In the DOP equation, the pyrite iron must be calculated
(Equation 3).
pyrite Fe = 1/2(TRS - AVS)
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(3)

Pyrite iron is half of TRS minerals because pyrite is one iron to two sulfur atoms.
In the DOP equation, the pyrite iron plus reactive iron equals the residual iron that has
not been pyritized, the total iron available for the reaction. A DOP equaling 1 means that
100% of the available iron was pyritized.
DOP focuses on the iron but requires a degree of sulfidization (DOS) which is
elemental sulfur reacting with FeS to precipitate FeS2 (Equation 1). The DOS is a
measurement of all available sulfur that was pyritized and it is calculated by Morse et al.
(2007) (Equation 4).
DOS= (pyrite Fe + AVS Fe)/ (pyrite Fe +reactive Fe)

(4)

The pyrite Fe is iron exclusive to pyrite and the AVS-Fe is sulfur exclusive to
pyrite where the Fe is assumed to be from FeS. The total reactive iron is residual iron. If
DOS exceeds 1, it would indicate that a source other than FeS must be contributing
sulfide to AVS minerals. The DOP and DOS values are calculated together and Morse et
al. (2007) detailed that long term DOP and DOS values between 0.80-0.99 indicates a
iron limited environment (euxinic) where 80-99% of the available reactive iron in the
sediment was pyritized. The limited amount of iron is used up over time relatively
quickly leading to high percentages of pyritized iron and AVS minerals. A DOP value
less than 0.70 indicates that iron is not the limiting factor (normal marine). A low DOP
and DOS value indicates carbon, sulfur, or both are the limiting factors.
When determining the depositional environment, the long term DOP is used
because it encompasses the entire diagenetic history including the iron oxides (before
burial) and iron silicates (after burial). The short term DOP only focuses on early
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diagenetic events occurring during sedimentation, and not those processes occurring after
sedimentation.
What is a limiting factor? A limiting factor is a substance that is in the lowest
quantity which would limit a reaction if it were to run out; in other words, the substance
that predominantly controls the geochemical reaction of interest. Raiswell and Berner
(1985) and Morse et al. (2007) explain three limiting factors (carbon, reactive iron, and
sulfur) to the DOP process in marine sediments. Establishing a limiting factor indicates
the type of reducing environment of a marine ecosystem. With iron as the limit factor
reducing conditions would be anoxic (euxinic); if the limiting factor was found to be
carbon, reducing conditions would be normal marine.
The DOS and DOP are relevant as pyrite minerals trap sulfide radicals and
provide a viable indicator for the amount of sulfides that were available in the system
when the pyrite precipitated. By extracting sulfide from pyrite grains in the sediment,
using extraction techniques described by Cline (1969), Canfield et al. (1986), and
Cornwell and Morse (1987), both AVS and TRS minerals are quantified to determine if
there are sufficient quantities of sulfide to readily react with inorganic mercury in Weeks
Bay.

Reducing Environment and Pyrite
The type of reducing environment (normal marine or euxinic) influences the
production and availability of hydrogen sulfide essential to pyritization. Both the DOP
and DOS are limited by geochemical factors (reactive Fe, C, and or S) that impact
estuarine environments causing shifting from one reducing environment to another
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(Berner 1970, Raiswell and Berner 1985, and Morse et al. 2007). Depending on the
reducing environment, SRB respiration will either be inhibited or promoted (Figure 8).
To describe the type of prevailing environment it is important to know which limiting
factor has precipitated the pyrite in the first few centimeters of sediment (Raiswell and
Berner 1985).
There are two main types of environments to be considered: (1) normal marine
and (2) euxinic, when investigating pyritization and MeHg production (Berner 1970,
Raiswell and Berner 1985, Morse et al. 2007). The typical normal marine environments,
expected for Weeks Bay, are dominated by large amounts of carbon, as decaying plant
and algal matter, and a high activity of SRB. For Weeks Bay normal marine includes
brackish salinity and a free connection to the ocean. In typical estuaries oxygenated
bottom water overlies anoxic sediment where sulfate diffuses into the sediment, is
subsequently reduced by bacteria, and released back into oxygenated water as hydrogen
sulfide. The hydrogen sulfide is then oxidized into elemental sulfur that diffuses back into
the sediment to chemically react with resident FeS minerals to form pyrite (Equation 1;
Berner 1970).
In normal marine environments there is an adequate amount of reactive iron in
most muddy sediments to react with in situ sulfide and form pyrite through sulfide
reaction. All the pyrite is formed after deposition and the circulating water above the
sediment interface continually supplies the sulfate and native sulfur needed for bacterial
reduction and pyritization (Figure 13).
In a euxinic environment, there is restricted water circulation leading to stagnant
and or anaerobic conditions; this includes closed off estuaries, ponds, lakes, and other
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large bodies of water with restricted access to ocean waters. Because water circulation is
more stagnant, hydrogen sulfide is present above and below the sediment water interface
where pyrite can precipitate before and after burial due to the development of anoxia.
SRB favor anoxic in situ environments and contribute to the abundant supply of
hydrogen sulfide. With abundant sulfides, reactive iron becomes the limiting factor for
pyritization above and below sediment water interface (Figure 14). However, below the
sediment, with burial, it is also possible for carbon to become the limiting factor if supply
is less than that of the iron.
If carbon, supplied from deposition of organic matter, is found to be the limiting
factor, it would confirm that Weeks Bay is a predominantly normal marine environment
(carbon driven ecosystem) with a specific sulfur cycle that can be linked to MeHg
production. On the other hand, if reactive iron is found to be the limiting factor it would
indicate a euxinic environment (iron driven ecosystem) where the sediment and bottom
water column are anoxic. Berner (1970) and Raiswell and Berner (1985) and Morse et al.
(1995) describe the role of iron in a euxinic environment and how it correlates to
hydrogen sulfide concentrations. In a euxinic environment, reactive iron supply becomes
the limiting factor and is depleted by reacting with hydrogen sulfide (SRB by-product).
By having a low presence of reactive iron, the likelihood of hydrogen sulfide to react
with any deposited mercury increases. With this in mind, it can be inferred that HgS
formation competes with FeS formation. Figures 13 and 14 provide a conceptual model
of normal marine and euxinic environment pertaining to the limiting factors and DOP
process.
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Morse (1999) addresses iron concentration in sandy sediments and classifies
different sediment types with reactive iron accumulation and potential. Quantifying
reactive iron using the methods suggested by Morse (1999) and Morse et al. (2007) is
important for DOP calculations that determine the limiting factors, especially for euxinic
iron driven environments. Iron in sandy sediments is orders of magnitude less than in
sediments that are predominantly muddy.

Figure 13. The normal marine model.
DOP = <0.70 indicates Fe is not the limiting factor. Instead C is the limiting factor being
in finite quantity after burial where the Fe is abundant in sediment and sulfate/sulfur is
continuously replenished from mixing waters.
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Figure 14. The euxinic model.
DOP = 0.80-0.99 indicates Fe is the limiting factor. Carbon and sulfate/sulfur are in more
abundant supply. Unlike normal marine organic carbon is not needed at any given
location for pyrite to form. Pyrite can form in bottom waters and sediment. However, top
waters are still oxic, dissolved FeS and H2S will oxidize not making pyrite formation
possible.

Hypothesis
Of the three measured elements (S, reactive Fe, and C), carbon and sulfur are the
dominant limiting factors to DOP in Weeks Bay, Alabama.
Research Questions:
1) Is Weeks Bay predominantly normal marine or euxinic during the summer?
2) What is the relationship between pyrite and MeHg precipitation?
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3) If Weeks Bay is confirmed as normal marine, what is the general impact to Hg
methylation and bioaccumulation?
4) What is the stable sulfur species in Weeks Bay? Is pyrite formation favored
with respect to sediment depth?
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CHAPTER III
STUDY SITE AND METHODS

Weeks Bay was chosen for its small size and easy access. In addition, Ezell
(2010) previously collected sediment and porewater data from Weeks Bay for his
hypoxia research. Sample sites were chosen for this research based on spatial distribution
in Weeks Bay and correlated with Ezell's sample sites (Figure 15; Table 2). Five
locations in Weeks Bay were sampled during the summer of 2011, sites 2, 3, 4, 7, and 9
and were sampled in 2010. The locations were chosen according to their sediment type,
proximity to rivers, and wide distribution for complete coverage of bay area.
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Figure 15. The sampled site locations of Weeks Bay.
(Ezell, J.E., 2009, Master thesis Mississippi State University)
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Table 2. The sample site coordinates.
Site

Latitude

Longitude

S1

30’24’ 48.9595”

-87’49’51.2394”

S2

30° 24' 46.9182"

-87° 49' 35.8788"

S3

30° 23' 31.4982"

-87° 49' 3.0606"

S4

30° 23' 50.3016"

-87° 49' 36.699"

S5

30° 22' 55.1634"

-87° 49' 56.6322"

S6

30° 24' 14.1912"

-87° 49' 26.5002"

S7

30° 24' 8.3982"

-87° 50' 7.3782"

S8

30° 23' 31.2606"

-87° 50' 28.5"

S9

30° 22' 53.6982"

-87° 50' 18.7182"

S10

30° 23' 17.8188"

-87° 49' 59.4012"

Sediment and water samples were taken at 10 sites. However, Sites 2,3,4,7 and 9, are the
only sites used in this study.
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Field Methods
Sediment cores and pore water samples were taken at each site (Figure 15) and
with two plastic core liners (35 cm long and 9 cm in diameter) used to extract 10cm of
undisturbed sediment with the layering intact. The cores were capped to preserve their
contents, and placed in an ice chest until returning to the lab for further analysis (Figure
16). One core was for immediate electrode reading and porewater extraction and the other
was for laboratory sediment archives. A hand-corer was used to collect sediment cores
(Figures 17 and 18) at each site where core samples were taken. Also, YSI 6600 EDS
sonde readings were recorded for top and bottom water salinity measurements.

Figure 16. Sediment cores after sealing.

40

Figure 17. Top part of hand-corer in use.

Figure 18. The end part of hand-corer with sample attached.
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Field Station
Back at the field station (Figures 19 and 20), an archive core from each site was
immediately frozen and the other duplicate core was opened for electrode analysis. For
the electrode readings, O2, pH, H2S, and redox were taken (Figure 21). Each electrode
was inserted into a sediment core at single micrometer intervals up to 10cm profile depth
using a micromanipulator. Readings were taken using the Unisense software program.
All electrodes used were polarized and calibrated the day before field sampling.
Immediately after each core was profiled, the overlying water was siphoned out.
After which, the core was divided into 2cm sections (sediment cakes) in a glove bag
filled with a nitrogen atmosphere (Figure 22). Each core yielded five cakes with a
descending depth profile (0-2, 2-4, 4-6 , 6-8 , and 8-10cm). Each sediment cake was
immediately transferred into a nitrogen fixed porewater squeezer rack, where the
sediment was manually compressed, then the porewater was carefully extracted with a
10ml syringe from each compressed sediment cake (Figure 23) and filtered (0.45µm) into
appropriately labeled glass vials (6ml). Vials were evacuated with nitrogen gas, septum
capped, and immediately frozen. The sediment cakes, with pore water squeezed out of
them, were transferred into depth labeled whirl bags and frozen for further lab analysis
back at Mississippi State University.
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Figure 19. The field station at Weeks Bay, Alabama.

Figure 20. The electrode station inside the field station.
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Figure 21. Use of the micromanipulator and the electrodes.
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Figure 22. Use of the glove bag and the cutting of sediment.

Figure 23. Use of the squeezer rack for porewater extraction of cut sediment.
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Porewater from each squeezer rack extraction was used for dissolved iron analysis
(Stookey 1970). Each porewater sample (200µl) was capped and swirled gently with
100µl liquid ferrozine iron reagent and 1.8ml of de-ionized water. The samples were then
heated to 90 degree Celsius for 30 minutes; after which, a 200µl ammonium acetate
buffer was added to each sample, mixed well, and a red/magenta color was observed.
Each red/magenta sample absorbance was measured using a spectrophotometer (Figure
24) at 562nm. An iron standard was created using the spectrophotometer the same day
and used to convert absorbance values into units of molar concentration.

Figure 24. The spectrophotometer used inside the field station.
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Laboratory Methods
Sediment samples collected during the summer of 2010 were used for sulfate,
sulfide, carbon, and grain size analysis. Summer of 2011 sediment samples, only
including sites 2,3,4,7, and 9, were used for total reactive iron solid phase and dissolved
phase. Iron data from summer 2011 sites were used to supplement lack of iron data for
summer 2010 sites 2,3,4,7, and 9.

Sulfide Extraction
A TRS and AVS extraction setup was fabricated according to the protocols
described by Canfield et al. (1986) and Cornwell and Morse (1987; Figures 25 and 26).
Efficiency testing of the extraction setup yielded approximately 12% sulfide recovery, as
such a correction factor of (0.12) was divided into sulfide results. For example (Equation
5), 100µmol sulfide was extracted from unknown concentration (X) at 12% efficiency.
100µmol = 0.12
X
Multiply X to the right side of the equation, cancel, and divide by 0.12 to solve
for X, where X equals 833.3µmol extracted sulfide if extraction was 100% efficient.
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(5)

Figure 25. Canfield (1986) sulfide extraction design.

Figure 26. Fabricated sulfide setup based on Canfield (1986) design.

48

Acid Volatile Sulfides
AVS extraction (Figure 26) followed the protocols specifically detailed by
Canfield et al. (1986) and Cornwell and Morse (1987). This process involved diluted
hydrochloric acid extracting all iron sulfides that precipitated with the pyrite grains. 20ml
of 6M HCl was introduced into a digestion flask containing three grams of sediment
mixed with five grams of tin chloride. The contents of the flask were heated on a hot
plate set to 135°C for one hour. Contents were allowed to boil and nitrogen gas was
continuously flushed into the capture vessel to provide an oxygen-free atmosphere that
would not react with vaporized hydrogen sulfide. The vaporized hydrogen sulfide,
liberated from the sediment reacting with acid, would rise through the distillation column,
cooled by flowing water, and into a graduated cylinder (capture vessel) filled with 0.5M
NaOH capture solution.
The 0.5M NaOH solution with captured hydrogen sulfide was divided into four
10ml vials and treated with the appropriate amount of sulfide indicator solutions (four
different types) following the protocol of Cline (1986). The four sulfide indicator ranges
(Cline 1986) were: 1) 1-3µmol/L, 2) 3-40µmol/L, 3) 40-250µmol/L, and 4) 2501000µmol/L. The indicator solution (acid) plus the NaOH solution, with captured H2S
(base), resulted in a titration reaction with color changes between blue and purple.
According to Cline (1986) a blue reacted sample indicates the presence of hydrogen
sulfide. Of the four reacted samples (each sample to a particular sulfide range) the best
blue color was selected; although, if no blue was present purples were accepted.
A spectrophotometer (670nm wavelength) was used to obtain absorbance
readings for the contents of each selected blue or purple reacted sample. Each sample was
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diluted within the absorbance range of the spectrophotometer. The sample absorbance
readings were recorded and compared with a sulfide standard chart detailed by Cline
(1986).
A sulfide standard was created using Na2S*9H2O in a glove bag fixed with a
nitrogen atmosphere. A serial dilution of a known quantity of sulfide (1000µmol/L) was
made to produce multiple samples of known micro molar quantity. Each sulfide quantity
was fitted and reacted with a Cline (1986) indicator solution range and a descending
order of blues developed with 1000µmol/L producing the sharpest color. A
spectrophotometer was used to read the absorbance of each known sulfide quantity and
produce a linear graph that would make the basis of the standard used for converting
absorbency readings of extracted samples into quantifiable micro molar concentrations.
From the sulfide standard, a linear equation was produced and used to determine sample
sulfide concentrations (µmol/L).

Total Reduced Sulfides
The TRS method follows the AVS method but with a few differences (Canfield et
al. 1986, Cornwell and Morse 1987). Like the AVS method, a strong acid was reacted
with 2-3 grams of sediment. For total reduced sulfide extraction the tin chloride was
replaced with 10ml of ethanol. Twenty milliliters of 12M HCl was introduced with 40ml
of a chromic reduced solution. Preparation of the chromous solution implemented a Jones
reductor column packed with mercury algamated zinc (Canfield 1986). To prepare the
reductor column mercury chloride was continuously added in small amounts to 1 liter of
boiling filtered water until mercury saturation was achieved. The mercury saturated
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solution was slowly poured and mixed into 500 grams of mossy zinc; the dull grey zinc
takes on a silver sheen once fully algamated. The algamated zinc was packed into a large
glass reductor column and chromic chloride hexahydrate (acidified with 0.5M HCl) was
introduced to filter through and react with the packed zinc for a few hours. The chromic
solution changed from green to blue, indicating the valence change from chromic (III) to
chromous (II), when the chromic reduced acid was ready for sediment processing.
The time, temperature, and indicator solution titrations were the same as the AVS
method. The spectrophotometric analysis was also the same; however, a new standard
had to be created since time affects the accuracy of spectrophotometer readings.

Chloride and Sulfate Analysis
Chloride and sulfate analysis made on year 2010 porewater samples was
conducted by the Mississippi State University Forestry lab under the supervision of Dr.
Janet Dewey. The results generated from ion chromatography provided sulfate and
chloride molar concentrations within the sediment.

Solid Phase Iron Extraction
This extraction method was a synthesis from the literature of Kostka and Luther
(1994) and Kunze and Dixon (1986). Two extraction techniques were used: (1) citrate
dithionate (reactive iron during early diagenesis) and (2) cold HCl (reactive iron over
longer geologic time scale).
The CD method used hepes buffered hydroxlamine, Ferrozine indicator (liquid
form), Nitrogen flushed 0.5M HCl, and ferrous ammonium sulfate (used for standard).
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Simply, less than 0.5 grams dry sediment were reacted with 0.5M HCl, vortexed, reacted
with hepes buffered hydroxlamine, then ferrozine indicator was added, and the sample
was incubated at 90°C for 30 minutes. In each sample a red/magenta color developed and
spectrophotometric readings were taken at 562nm. Using a serial dilution of ferrous
ammonium sulfate a simple standard was created and used to linearly determine the
reactive iron molar concentrations.
The cold HCl method used hepes buffered water, ferrozine indicator, 0.3M
sodium citrate, 1M sodium carbonate, sodium dithionite, saturated sodium chloride
solution, and ferrous ammonium sulfate (used for standard). The method is similar to the
CD method, with the exception of the addition of a hot water bath and a centrifugation.
Red/magenta colored samples resulted at the end of the extraction and a new standard
was created using the ferrous ammonium sulfate. All iron concentrations represented the
total iron (long term) which includes the short term iron extracted in the citrate dithionite
extraction described above.

Special Collaborative Database
Inorganic mercury and methylmercury concentration results for Weeks Bay (years
2010 and 2011) sites 1-10 (Figure 15) were provided by NOAA as a part of the Northern
Gulf Institute (NGI) funded Sediment and Mercury Modeling Project (project number
NGI08-MSU-05). Sediment grain size distribution data (sand, silt, clay) and total organic
carbon for each of the ten sample sites was also supplied by NOAA.
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CHAPTER IV
RESULTS

Field Results
YSI Sonde Data
For summer 2011, salinity readings are displayed for the following sites 2, 3, 4, 7,
and 9 (Table 3). There is a clear difference between top and bottom water salinity at each
site. Site 9 is the most saline and is the closest to the mouth of Weeks Bay and site 2 is
the least saline, being closer to Fish River. In general, Table 3 and Figure 15 illustrate a
descending trend of top and bottom water salinity decreasing from the mouth to the head
of the bay.
Table 3. YSI sonde sites with surface and bottom water salinity parameters.
Site
9
7
4
3
2

Salinity (ppt)
Surface Bottom
12.5
11.52
5.79
6.48
6.17
6.21
5.33
6.92
2.24
5.21

Average

6.4

7.3

Sediment Grain Size Data
The grain size data submitted by NOAA was compared with a sediment map
generated by Gatewood (2000; Figure 27), the comparison resulted in the creation of
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Table 4. In Figure 27 all sampled sites are labeled with a blue dot. In Table 4 the
averaged sand percentage represents entire sediment core profile from 0-10cm depth.
Both Figure 27 and Table 4 illustrate that areas with the most sand deposition are located
around the edges, mouth, and head (Fish River) of the bay. Sites 2, 3, and 9 are
considered highly sandy sediment, site 7 is moderately sandy, and site 4 is the least
sandy, mostly siliceous silt and clay (Figure 27).
Table 4. Average sand percentage by site for sediment cores 0-10cm depth.
Site

S2
S3
S4
S7
S9

Avg
Sand%

58.82
65.13
10.0
39.10
79.11
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S2

S7

S4

S3

S9

Figure 27. Sand distribution with sample site locations marked (Gatewood 2000).
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Porewater Electrode Profile Data
Porewater is the water between the pore spaces in the sediment and was measured
up to 10cm for this study. The following composite graphs (Figures 28-29) are hydrogen
sulfide and oxygen electrode profiles. Also, pH and Eh are given by depth as well
(Figures 30-31).
For all sites in general, the concentration of hydrogen sulfide begins to increase at
depth 0.5cm (Figure 28) just as the oxygen concentration approaches zero at depth 0.5cm
(Figure 29). For all sites the hydrogen sulfide concentrations are at their greatest at 5cm
depth and greater. Site 3 is the only site to reach 200µmol/L maximum sulfide
concentration; all other sites are between 25-100µmol/L max sulfide concentrations.
Site 2 sulfide significantly decreases and rebounds twice at 1.5cm and 4.5cm. In
general, all other sites gradually increase with sulfide concentration as depth increases.
For other sites only minor decreases and rebounds are observed.
Eh is measured in volts, any reading in the positive direction indicates more
oxidating conditions, and any reading in the negative direction indicates more reducing
conditions. For all sites, redox potential (Eh) sharply increases, heading in the negative
volts direction, after 0.5cm depth and levels off between 0.3-0.5 Volts (Figure 30). The
pH for all sites fluxuates between 6.5-7.5 from the surface to 3.5cm in depth (Figure 31).
At depths greater than 3.5cm the pH levels off at around 7.5.
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H2S sediment profiles sites 1-10 WB 2011
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Figure 28. Sulfide profiles of all sites at Weeks Bay from summer of 2011.
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O2 sediment profiles sites 1-10 WB 2011
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Figure 29. Oxygen profiles of all sites at Weeks Bay from summer of 2011.
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Redox sediment profiles sites 1-10 WB 2011
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Figure 30. Redox profiles of all sites at Weeks Bay from summer of 2011.
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pH sediment profiles sites 1-10 WB 2011
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Figure 31. pH profiles of all sites at Weeks Bay from summer of 2011.
Porewater Iron Data
The dissolved reactive iron between the pore spaces of the sediment serves as
another iron source for DOP in sediments with less solid phase reactive iron. Porewater
reactive iron (Fe2+) was averaged for all sites 0-10cm deep (Table 5). The porewater iron
is at its highest concentration at the mouth of Weeks Bay (site 9) and second highest
concentration at the head of the bay (site 2); all other sites are relatively uniform in
porewater iron. There is correlation between sediment grain size and porewater iron
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concentration. When Table 5 is compared to Table 4, site 9 has the most porewater iron
with the highest concentration of sand (79%).
Table 5. Average reactive porewater iron for all sites 0-10cm deep.
2+

Avg Porewater Fe
(µmol/L)
2+
Site
Fe
S2
S3
S4
S7
S9

100.84
86.93
85.55
79.32
250.19

Laboratory Results
Sulfate and Chloride Data
Sulfate and chloride data was averaged for all sites 0-10cm deep (Table 6). The
highest sulfide ratio is found at the head of Weeks Bay (site 2); all other sites drop off to
a more consistent ratio moving towards the mouth of the bay. As illustrated in Table 6,
only sites 3 and 4 have the same sulfate to chloride ratio (5 sulfates to one chloride). Sites
2, 7, and 9 sulfate ratios are not consistent with sites 3 and 4. Site 2 clearly is not
consistent with the other sites having nearly five times the sulfate/chloride ratio;
however, sites 7 and 9 are relatively consistent with sites 3 and 4.
Table 6. Average sulfate/chloride ratio for all sites 0-10cm deep.
Site
S2
S3
S4
S7
S9

Avg SO4/Cl ratio
24
5
5
4
6
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Sediment Sulfide Data
The TRS and AVS data was averaged for all sites 0-10cm deep (Table 7) and
used to generate a TRS map (Figure 32) and AVS map (Figure 33) for visual analysis.
TRS minerals are at their highest concentration at the head of Weeks Bay (Site 2) and
decreases moving towards the mouth of the bay (site 9). AVS minerals make up a small
percentage of TRS minerals, less than 10%, and are also relatively consistent in
concentration across the entire bay. TRS were converted into µmol/gdw (Table 8) for
comparison with similar sediment studies that are compatible to Weeks Bay (Morse et al.
2002, 2007). Average TRS concentrations in Table 7 are 2-3 times less when compared
to other similar estuaries and Gulf Coast sediments (Morse et al. 2002, 2007).
Table 7. Average TRS and AVS for all sites 0-10cm deep.
Site
S2
S3
S4
S7
S9

Avg TRS (ug/gdw)
1080
620
656
589
573

Avg AVS (ug/gdw)
36
25
49
54
41

Table 8. Converted average TRS for literature comparison of all sites.
Avg TRS
(umol/gdw)

Site
S2
S3
S4
S7
S9
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32
18
19
17
17

% AVS
2.0
4.0
7.0
9.0
7.0

Figure 32. Average TRS concentration for visual comparison by site.
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Figure 33. Average AVS concentration for visual comparison by site.
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Sediment Solid Phase Iron Data
The CD method and HCl solid phase reactive iron data was averaged for all sites
0-10cm deep (Table 9) and used to generate a total reactive iron map before pyritization
(Figure 34) and a total reactive iron map after pyritization (Figure 35) for visual analysis.
CD method iron (short term) makes up 50% or less of the HCl method iron (long term).
The total iron is long term plus reactive iron found in pyrite. The total represents all
available reactive iron in the past before any pyrite formation within the first 10cm of
sediment (Figure 34). Long term iron represents the available reactive iron in the present,
after the pyrite has formed (Figure 35).
Short, long, and total reactive iron is greater at the head of Weeks Bay and
becomes less in concentration moving towards the mouth of the bay (Table 9). There is a
correlation between sandy sediment and total iron, with site 9 having the least amount of
total iron and the highest amount of sand (79%) (Table 3). When comparing the solid
phase iron concentrations of Table 9 to iron concentrations of other Gulf Coast estuaries
(Morse et al. 2007), Weeks Bay has significantly less total reactive iron. However, Morse
(2007) studied estuaries that were predominantly muddy and not sandy.
The poor reactive iron makes up about half of the total solid phase iron for most
sites, the higher sand percentage sites, like site 9, have roughly three times more poor
reactive iron (Table 9).
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Table 9. Average solid phase reactive iron for all sites 0-10cm deep.
2+

Site
S2
S3
S4
S7
S9
Site
S2
S3
S4
S7
S9

Average solid phase reactive Fe
Short term (µg/gdw)
Long term (µg/gdw)
436
837
265
551
356
771
246
741
186
548
Short term
(µmol/gdw)

Long term
(µmol/gdw)
8
5
6
4
3

2+

15
10
14
13
10
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2+

Total Fe (µg/gdw)
1364
848
1077
1008
814
Total Fe (µmol/gdw)
31
19
22
21
18

Figure 34. Average total solid phase reactive iron before pyritization.
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Figure 35. Average total solid phase reactive iron after pyritization.
Sediment Carbon and Mercury Data
The total organic carbon was measured by loss on ignition (LOI) by NOAA. The
inorganic mercury and MeHg concentrations were also measured by NOAA. Both the
LOI and mercury results was averaged for all sites 0-10cm deep (Table 10) and used to
generate a MeHg concentration map (Figure 36) and a LOI percentage map (Figure 37)
for visual analysis. The MeHg is at its least concentration at site 2 (Figure 36) where the
most reactive iron is available (Figure 35). In general, MeHg concentrations do not vary
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significantly throughout the bay area. The total organic carbon is at its greatest
concentration at site 2, head of Weeks Bay, and all other sites decrease in total organic
carbon moving towards the mouth of the bay. The highest carbon location (site 2) also
happens to be the same site with the most available TRS and AVS minerals (Figures 32
and 33) and highest sulfate to chloride ratio (Table 6).
Table 10. Average mercury and carbon for all sites 0-10cm deep.
Site

S2
S3
S4
S7
S9

Average mercury and LOI
Hg dry (μg/g) MeHg (ng/g)

0.086
0.069
0.089
0.081
0.038

69

LOI (%)

0.17

11.6

0.24

6.2

0.32

7

0.18

8.3

0.24

3.7

Figure 36. Average MeHg concentration for visual comparison by site.
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Figure 37. Average total organic carbon percentage for visual comparison by site.
Degree of Pyritization and Sulfidization Data
Pyritization results were generated using the calculations illustrated by Morse et
al. (2007; Equations 2, 3, and 4). The DOP and DOS used short term and long term iron
for all sites 0-10cm deep (Tables 11-12). Table 12 was used to generate a long term DOP
map (Figure 38) for visual analysis. The purple highlight in Table 11 illustrates a periodic
sudden drop in sulfides which correspond to near zero DOP and DOS values. Site 9 is an
exception to near zero pyrite at the third depth interval. However, site 9 still illustrates a
sudden drop in sulfides when compared with higher DOP values at depths between 071

4cm. In Table 11, with the exception of site 9, iron at depths greater than 6cm have a
greater percentage of pyrite.
In general, for short and long term, the paired DOP and DOS values are consistent
with each other with respect to depth (Tables 11-12). The DOP and DOS values were
compared with similar pyrite studies (Morse et al. 2002, 2007) and it was found that
Weeks Bay long term DOP and DOS values are in agreement to the long term DOP and
DOS values of normal marine estuaries, such as East Matagorda and Baffin Bays, along
the central Texas coast (Morse et al. 2007). In addition, the long term DOP values,
calculated by Morse et al (2002), from the sediments of the continental slope of the
Northern Gulf of Mexico, South of Louisiana, were also compared to Weeks Bay and
found in agreement until after 5cm depth. The long term DOP is greater around the edges
of Weeks Bay, sites 2, 3, and 9. The average long term DOP and DOS for each site is less
than 0.70 (Table 11). A DOP and DOS of zero indicates no pyrite precipitation which
corresponds to no TRS minerals; however, despite the near zero pyrite at sediments
depths between 4-6cm, with the exception of site 9, TRS minerals are present in the
majority of the sediment.
The total pyrite precipitated was calculated from total solid phase iron and TRS
results and is displayed with inorganic mercury and MeHg concentrations to show the
significant gap between pyrite and mercury concentration (Table 13). A total pyrite
concentration map was generated from Table 13 and the most pyrite is found at sites 2, 3,
and 4 (Figure 39). Site 2 has the most pyrite and total pyrite concentrations; Pyrite was
decreased moving closer to the mouth of Weeks Bay. Site 2 has the highest pyrite (Figure
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39) where the greatest amount of iron is available (Figure 35) and the least amount of
MeHg (Figure 36).
Table 11. DOP and DOS depth profile with sudden drop of sulfides every 4-6cm.

Site
S2

S3

S4

S7

S9

Depth
(cm)
(0-2)
(2-4)
(4-6)
(6-8)
(8-10)
(0-2)
(2-4)
(4-6)
(6-8)
(8-10)
(0-2)
(2-4)
(4-6)
(6-8)
(8-10)
(0-2)
(2-4)
(4-6)
(6-8)
(8-10)
(0-2)
(2-4)
(4-6)
(6-8)
(8-10)

Short
term
iron
DOP
0.65
0.43
0.00
0.44
0.73
0.61
0.11
0.01
0.45
0.76
NA
0.35
0.16
0.33
0.73
0.52
0.09
0.05
0.53
0.73
0.71
0.70
0.37
0.26
0.47

Long
term
iron
DOS
0.67
0.47
0.03
0.44
0.73
0.62
0.12
0.03
0.54
0.77
NA
0.38
0.16
0.51
0.75
0.61
0.36
0.05
0.56
0.74
0.78
0.70
0.38
0.35
0.48

DOP
0.51
0.28
0.00
0.27
0.56
0.36
0.06
0.01
0.25
0.69
NA
0.24
0.07
0.17
0.47
0.24
0.04
0.02
0.27
0.45
0.45
0.37
0.17
0.18
0.18

DOS
0.53
0.31
0.02
0.28
0.56
0.36
0.07
0.01
0.30
0.70
NA
0.26
0.07
0.27
0.48
0.29
0.14
0.02
0.28
0.45
0.49
0.37
0.18
0.24
0.18

Highlighted sections show sudden sulfide lost pattern every 4-6cm depth interval.
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Table 12. Average DOP and DOS for all sites 0-10cm deep.
Site
S2
S3
S4
S7
S9

Short term
Avg DOP
0.45
0.39
0.39
0.38
0.50

Long term
Avg DOP
0.33
0.27
0.24
0.20
0.27

Avg DOS
0.47
0.41
0.45
0.47
0.54

Avg DOS
0.34
0.29
0.27
0.24
0.29

Table 13. Average total pyrite and mercury concentration gap at each site.
Average pyrite vs. MeHg and Hg
Site
S2
S3
S4
S7
S9

Total Pyrite (µg/gdw)
1580
892
893
802
797

MeHg (ng/gdw)
0.17
0.24
0.32
0.18
0.24
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Hg (μg/gdw)
0.086
0.069
0.089
0.081
0.038

Figure 38. Average long term DOP for visual comparison by site.
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Figure 39. Average total pyrite for visual comparison by site.
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Carbon
(%)
11.6
6.2
7
8.3
3.7

Sand
(%)
58.82
65.13
10.0
39.1
79.11
pH
6.9
7.5
7.2
7.3
7.5

H2S
(µmol/L)
55.3
159.0
6.1
40.6
20.0

2+

Fe
(µmol/L)
101
87
86
79
250

2+

Total Fe
(µg/gdw)
1364
848
1077
1008
814

short
DOP
0.45
0.39
0.39
0.38
0.50

short
DOS
0.47
0.41
0.45
0.47
0.54

long
DOP
0.33
0.27
0.24
0.20
0.27

long
DOS
0.34
0.29
0.27
0.24
0.29

MeHg
(ng/gdw)
0.17
0.24
0.32
0.18
0.24

All values average to represent whole site 10cm depth. Hydrogen sulfide and iron, both µmol/L, are porewater concentrations. The
total iron is all available reactive iron before DOP in the sediment. The rest of the data is incorporated from result tables and
porewater profiles. Table confirms carbon limited system (normal marine). Carbon in lowest concentration with adequate amounts
of iron and sulfate within the porewaters and sediment. DOP is low because it is limited to carbon, high amounts sand, pH greater
than 6.5, and relatively low supply of hydrogen sulfide.

Site
S2
S3
S4
S7
S9

SO4
(µmol/L)
1310
16753
12173
13869
8653

Table 14. Summary of averaged results for quick referencing and analysis.
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CHAPTER V
DISCUSSION

Determination of the Limit Factor
DOP and DOS values for all sites are less than 0.70 indicating that reactive iron
was not the limiting factor (Tables 11-12) (Raiswell and Berner 1985, Morse 2007). The
average long term DOP for each site is between 0.20-0.33 indicating that 20-33% of the
available reactive iron had been pyritized (Table 14).
If reactive iron was the limit factor it would be expected that porewater reactive
iron would be relatively depleted and DOP and DOS values would be high, greater than
70%, indicating that the majority of available solid phase iron was used up for pyrite
precipitation leading to fairly low concentrations of solid phase iron in the sediment.
Porewater iron for Weeks Bay was not depleted and with a long term DOP of 20-33% the
remaining iron supply is more than adequate to continue reacting with available sulfides
(Table 14).
Sulfates and sulfides are at lower concentrations than reactive iron. In general, the
TRS is less than 1000µg/gdw compared to the over 1,000µg/gdw total iron that is present
at each site (Table 14). The sulfate to chloride ratio should be constant (5:1) if SRB were
not metabolizing sulfate. The sulfate chloride ratios at each site are not constant, ratios
are different than 5:1, indicating that SRB are reducing sulfate into hydrogen sulfide
78

(Table 6). The higher the sulfate ratio the less sulfate that is being reduced; site 2 has the
highest ratio, 24:1 compared to 5:1 all other sites, indicating that SRB activity is about
five times less than that of the surrounding area. The variance in the sulfate to chloride
ratio confirms the reduction of sulfate; however, sulfate reduction must be low because
average porewater hydrogen sulfide concentrations are less than 100µmol/L. Areas with
porewater hydrogen sulfide concentrations at 500µmol/L or greater are considered to be
high, with respect to sulfate reduction and SRB activity (Morse et al 2002).
The total organic carbon percentages are less than 11% at sites 2, 3, 4, 7, and 9
indicating that carbon is not abundant with respect to iron and sulfur concentrations. The
lower percentages of carbon, with respect to site 2, supports the low activity of sulfate
reduction because SRB activity is linked to the availability of organic carbon needed for
their metabolism (Ullrich et al. 2001, Heyes et al. 2006, Whalin et al. 2007, Morse et al.
2007, Orem and Aiken 2011, Aiken 2011).

Euxinic or Normal Marine?
For Weeks Bay the long term DOP and DOS values are less than 0.70. Carbon is
therefore the limiting factor, which indicates a normal marine environment (Figures 13,
38; Morse 2007). The total organic carbon is in lower concentration than measured
sulfides and iron, less than 11% of the total sediment (Table 14), confirming normal
marine conditions. Sulfate and sulfides are low compared to the solid phase iron
concentrations, but still in greater concentration than total carbon. Sulfur is potentially a
limiting factor, as evidenced by low concentrations of hydrogen sulfide and low activity
of the SRB (Figures 28) and (Table 6). Electrode profiles that measured oxygen
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illustrated that the water column above the sediment interface is oxic and typical of
normal marine environments (Figure 29).
As discussed in the DOP results, Weeks Bay has agreement with long term DOP
and DOS values to Morse et al. (2007). The sulfide and iron concentrations of Weeks
Bay make up about half of the iron and sulfides measured in Morse's estuaries, but that
was expected because Weeks Bay is predominantly sandy (Table 14) and Morse et al.
(2007) estuaries, along the central Texas coastline, are predominantly muddy. Sandy
sediments hold one to two magnitudes less iron and TRS minerals than muddier
sediments (Morse 1999). Since Weeks Bay is in agreement with Morse et al. (2007)
results, it can be further confirmed that Weeks Bay is normal marine.

MeHg Relationship to DOP
As expected, inorganic mercury deposits with solid phase reactive iron. The
calculated total pyrite concentration is connected with the total reactive iron deposition
because one expects to find the most pyrite where the most reactive iron is available; this
is confirmed by site 2 in the DOP and DOS results (Figures 39 and 35). Fish River likely
provides the bulk of the sediments and hence the majority of the reactive iron that
accumulates in the marsh area near site 2. If reactive iron competes with mercury for
sulfides, then sites 2, 3, and 4, with the highest reactive iron deposition, will have the
lowest MeHg concentration. Site 2 MeHg (Figure 36) and iron results (Figure 35)
illustrated that high concentrations of reactive iron compete with deposited inorganic
mercury inhibiting mercury methylation.
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Since it is established that reactive iron competes for hydrogen sulfide, inhibiting
cinnabar precipitation, there should be measurable pyritization occurring in the bay
sediment. TRS and DOP results confirm that the pyrite was measurable and was
precipitating by depleting the dissolved hydrogen sulfide produced from the SRB. Since
the pyrite was quantified, it was expected that more pyrite lead to less cinnabar and
MeHg; this is confirmed with the DOP and MeHg results where pyrite greatly exceeded
MeHg in concentration (Table 13).
To support the pyrite dominance over MeHg at site 2, which has the greatest long
term DOP (Figure 38), it was expected that site 2 also have the highest carbon, TRS,
AVS, and sulfate concentrations. It is confirmed with the carbon results that site 2 has the
most carbon, correlating to the highest TRS, AVS, and sulfate to chloride ratio. The
greater amount of organic carbon at site 2 supports more SRB activity to metabolize
carbon and sulfate in greater quantities, increasing hydrogen sulfide productivity. The
greater productivity of hydrogen sulfide is evidenced by the highest TRS and AVS
mineral concentrations at site 2 (Figures 33 and 34).

General Impact of Hg Methylation
As evidenced in Table 11, the long term DOP values did not exceed 0.80 at any
depth interval within the 10cm of sediment; this indicates that Weeks Bay did not
experience an euxinic ecosystem. As a normal marine ecosystem, the geochemical
conditions favoring pyrite precipitation (presence of carbon, SRB, and hydrogen sulfide)
also favor mercury methylation (Raiswell and Berner 1985, Ullrich et al. 2001, Heyes et
al. 2006, Whalin et al. 2007, Morse et al. 2007, Orem and Aiken 2011, Aiken 2011). The
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oxygen rich water above the sediment supports plant and animal macro fauna activity that
can bioaccumulate and spread MeHg. If inorganic mercury deposition increases enough
to compete with the deposited reactive iron for sulfides, the geochemical conditions
would be primed to favor mercury methylation and bioaccumulation within Weeks Bay.
Even though present geochemical conditions favor mercury methylation, the
quantity of mercury and MeHg, as evidenced by mercury results, is not enough to cause
any significant local impact as long as reactive iron concentrations greatly exceeds
deposited mercury and pyrite continues to precipitate. However, a MeHg accumulation
including dissolved MeHg, and other sources, on a regional scale such as the Gulf Coast
would potentially have a significant impact.
What makes MeHg so significant? The EPA (2001) warns that the human body
can ingest 1ppm MeHg (1000ng MeHg/gdw) or less to avoid mercury poisoning. More
than 1ppm MeHg has been measured in predatory fish (Martin et al. 2009). It is apparent
that MeHg is very harmful, even in a minute quantity (eg. nanogram), and accumulation
is magnified by the potential numerous mercury methylating hotspots and pathways
(NOAA, Hall 2008). Mobile Bay has over 20 locations (0-600ng Hg) with measured
MeHg between 0.1-0.7ng/gdw Hg (Martin et al. 2009). Hall et. al. (2008) studied
wetlands around the Gulf Coast and confirmed concentrations between 0.01- 0.40ng/L
dissolved MeHg.
To place MeHg accumulation into perspective, taking into account only one site
at Mobile Bay, using maximum recorded Hg at 600ng (6*10-7g) and maximum recorded
MeHg (0.7ng/gdw Hg), there would be 4.2*10-7ng (4.2*10-10ppm) total sediment MeHg
at one site. Even if the total MeHg is magnified a 1,000,000 fold the accumulated
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concentration of sediment MeHg would not approach 1/1000th of a ppm. It takes more
than just sediment mercury methylation to determine if an area is a MeHg hot spot. If
Weeks Bay only contributes sediment MeHg, no dissolved or atmospheric forms, then on
a regional scale the bay does not contribute enough methylated mercury to label it a hot
spot. According to Martin et al. (2009) MeHg hot spots (Mobile and Tampa Bay) are
areas with at least a few hundred nanograms Hg with MeHg at 0.7ng/g Hg and greater.

Iron, Sulfide, and Mercury Stability and Availability
As established by Morse (1999) and Berner (1970), pyrite formation kinetics are
decreased when sedimentary conditions are greater than 7.8 pH; there is a low supply of
sulfate, a low supply of reactive iron, high percentage sandy sediments, and a low supply
of carbon. According to the Eh/pH stability diagram (Figure 10), hydrogen sulfide is
stable at pH values less than 7 and moderately stable at pH values greater than 7.
Sediment pH and redox electrode results (Figures 30-31) are applied to a sulfide Eh/pH
stability diagram (Figure 10) and it is concluded that hydrogen sulfide is moderately
stable in Weeks Bay sediment.
It is more likely that HS- predominantly exists where any hydrogen sulfide that
was produced would only have a short period of time to remain stable and react with
mercury and reactive iron. With hydrogen sulfide moderately stabile, minor shifts in
Weeks Bay pH would induce periods of pyrite favorability and inhibition, when only
considering sulfides.
When the redox and pH results for each site are applied to a mercury Eh/pH
stability diagram (Figure 40), it was found that cinnabar and MeHg are stable in Weeks
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Bay sediment. The low MeHg quantities (Figure 36) are not connected to mercury
stability issues.
It is confirmed that sites 2, 3, 7, and 9 are predominantly sandy with the exception
of site (Table 4). One would expect site 4 to have the most solid phase total reactive iron
as a result; however, the sediment results does not support this (Table 14). Instead, site 2
with roughly six times the sand percentage, has the most solid phase iron. This may be
because site 2 is where the majority of the iron bearing sands deposit and the silts and
clays of site 4 contains a poor concentration of reactive iron despite its sediment type
(Morse 1999). It is confirmed with site 9 that, in general, more sand leads to less
deposited solid phase iron. Because site 9 has the most sand and sand is poor for holding
iron, measurable amounts of reactive porewater iron builds up between the grains as
evidenced by Table 14.
Although it is confirmed that Weeks Bay has a high sand percentage, it appears to
have had a minimal impact on the availability of the reactive iron because iron is not the
limiting factor to the DOP in Weeks Bay. A comparison of the reactive iron results with
the Morse et al. (2007) muddy estuaries concluded that sandy estuaries have less
available reactive iron. Sediment pH and redox electrode results (Figures 30-31) are
applied to an iron Eh/pH stability diagram (Figure 41) and it is concluded that conditions
are favorable to reactive iron and pyrite stability.
Using the stability diagrams and redox and pH results, it is concluded that pyrite
is stable in the same range as MeHg. Weeks Bay sample sites favor both MeHg and
pyrite stability, therefore a competition for sulfides exists and a relationship can be made
between pyrite growth and MeHg accumulation.
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Figure 40. Eh/pH stability diagram for mercury species.
(http://rimg.geoscienceworld.org/content/64/1/59.extract)
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Figure 41. Eh/pH stability diagram for iron and iron sulfides.
Pennsylvania department of environmental protection
(http://www.dep.state.pa.us/dep/deputate/minres/districts/cmdp/Image15.gif)
With respect to the low carbon results, iron and sulfate are in adequate supply
making carbon the limiting factor to DOP. Low carbon (less than 11% at all sites) limited
the activity of SRB, which metabolized sulfate to respire hydrogen sulfide. The pyrite
kinematics are low, reflected by long and short term DOP values less than 0.30, because
the sediment is sandy and provides less reactive iron; poor reactive iron accounts for half
of the total available iron (iron bearing silicates); hydrogen sulfide stability is moderate
and not ideal, and carbon and sulfate are in limited supply.
If pyrite kinematics were higher, short term DOP and DOS would be greater than
0.70, as evident in Morse et al. (2002, 2007). Morse et al. (2007) has similar long term
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DOP results but short term DOP results are around 0.80 and higher, this is likely because
the sediments are muddy, have 3-4 times the reactive iron concentrations, and 2-3 times
the concentration of sulfides in the form of AVS and TRS minerals.
When Weeks Bay DOP, hydrogen sulfide, and TRS results were compared with
Morse et al. (2002) results (Figure 42), it was evident that only the first 5cm of Gulf
Coast sediment generally correlated with the Weeks Bay results, with the exception of
hydrogen sulfide which only correlated at 15cm depth and deeper. In Figure 42, within
the first 10cm of sediment, the hydrogen sulfide measured more than tripled that of
Weeks Bay.
For Weeks Bay to increase its pyrite kinetics there would have to be the extra
addition sulfates, sulfides, carbon, and iron or an increase in geochemical sediment
deposition with greater amounts of iron oxides, rather than poor reactive iron silicates.
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Figure 42. The results from Morse et al. (2002) Gulf Coast DOP study.
Why Short and Long Term DOP?
Short term DOP and DOS is used for pyrite that forms easily and relatively
quickly using only high reactive amorphous iron, acid volatile sulfides, and iron oxides
with a short half life of less than a month (Berner 1970, Kostka and Luther 1994,
Raiswell and Canfield 1996 and 1998, Morse et al. 2007). Highly reactive iron readily
reacts with sulfides causing an early depletion of hydrogen sulfide in porewaters and high
ratio of AVS to TRS minerals.
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TRS and AVS results concluded that most reacted iron is in the form of TRS
minerals, AVS minerals make up a low ratio of less than 9% of the TRS minerals. Results
from the CD iron and HCl iron extractions illustrate the dominance of poor reactive iron
which is around double that of high reactive CD iron. The hydrogen sulfide porewater
results illustrate sudden sulfide decreases followed with a rebound, such as site 2,
indicating that AVS minerals are precipitating and depleting available hydrogen sulfide.
The low ratio of AVS minerals to TRS minerals, high amount of poor reactive iron, and
sulfide gradually increasing in concentration with depth, the average short term DOP
results of around 0.30 is to be expected.
Long term DOP and DOS include highly reactive iron and poorly reactive iron,
corresponding to early and late diagenesis. The poor reactive iron is from iron-bearing
silicates that have a long half life of roughly 80,000 years (Raiswell and Canfield 1996).
The iron silicates breakdown and react more slowly, allowing hydrogen sulfide to
buildup in greater concentration within porewaters, as evidenced by porewater sulfide
results.
The long term DOP provides a more complete picture of the pyrite being
precipitated. Only with the complete picture is it possible to accurately determine if
Weeks Bay is normal marine or euxinic. Morse et al. (2007) studied known normal
marine estuaries with long term DOP values less than 0.40 and short term DOP values
greater than 0.80. In the Morse et al. (2007) study, if one was to only use short term DOP
the estuaries would be considered euxinic; however, they are clearly normal marine and
long term DOP values of less than 0.70 confirm this, because long term considers the
entire digenesis not just the early burial.
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Weeks Bay has a low short term DOP, unlike the estuaries studied by Morse et al.
(2007), because poor reactive iron-bearing silicates make up the majority of Weeks Bay
sediment. The iron-bearing silicate sands are likely coming from erosion of the piedmont
region, Fish River and continental runoff, and other silicate-bearing rocks in the upward
sloping terrain of Alabama (Figure 3). The long term DOP values between 0.20-0.33
reflect the silicate sediments, typical to Alabama Coastal Plains region, which
predominantly make up Weeks Bay.

DOP and DOS by Depth
Pyrite was expected to be higher at deeper depths of sediment, which is more
sedentary, and not being mixed or re-circulated unlike the first few centimeters of
sediment. As evidenced in the DOP results using Table 11, the DOP for both long and
short term are higher at depths below 6cm.
The DOP increased with depth because oxygen levels are less than 0.5 µmol/L,
which is ideal for SRB communities to thrive and sulfides to remain stable. Also, deeper
sediment is more likely to be older and undisturbed allowing more time for iron oxides
and AVS minerals to decay and complex with hydrogen sulfide produced by insitu SRB
respiration.
Site 9 is very sandy and has higher DOP and DOS values in the first few
centimeters of sediment. This may be result of organic carbon only being readily
available at the surface. A low concentration of organic carbon is buried in deeper depths
of sand layers, as evidenced by carbon results, indicating that the carbon decayed or did
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not deposit in sufficient quantity to support SRB that would promote pyrite production
observed in the first few centimeters of site 9.
As Table 11 illustrates, there is a confirmed sharp decline of sulfides and pyrite at
every site between depths of 4-6cm. The sharp loss of sulfides, close to zero in
concentration, severely limit DOP and DOS meaning essentially little pyrite was formed.
The sudden decrease of pyrite at depths between 4-6cm may be the result of a dramatic
geochemical change of the Weeks Bay environment when the sediment was depositing.
Reactive iron results did not indicate any sudden drop or significant change in
concentration between sites. Electrode profile, iron, and carbon results illustrate that
hydrogen sulfide, reactive iron, carbon, and sulfate are present at the 4-6cm depth
interval. All the geochemical components are present to readily precipitate pyrite. The pH
and redox conditions are also stable enough for hydrogen sulfide and pyrite to exist.
By process of elimination, the absence of pyrite must be connected to the
microbial community that exists at the depth interval of 4-6cm. Either the microbial
community is oxidizing pyrite or pyrite needs to interact with undefined microbes in
order to precipitate (organic precipitation instead of inorganic precipitation).
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CHAPTER VI
CONCLUSION

The long term DOP and DOS results are less than 0.70 and a low quantity of
carbon is observed; when compared to adequate concentrations of available reactive iron
and sulfate, confirms that of the three measured elements (S, reactive Fe, and C), carbon
and sulfur are the dominant limiting factors to DOP in Weeks Bay, Alabama. If reactive
iron was the limiting factor, it would be expected that porewater reactive iron would be
relatively depleted and DOP and DOS values would be high, greater than 70%, with low
concentrations of solid phase iron in the sediment. Weeks Bay did not have any results
that would indicate iron as the limiting factor.
Weeks Bay is normal marine because it is confirmed to be carbon limited. The
low long term DOP and DOS values confirmed adequate reactive iron, and the
concentration of sulfate and iron exceeds that of total organic carbon, confirming carbon
is the limiting factor. The long term DOP values did not exceed 0.80 at any point within
the 10cm of sediment measured in the study, indicating that Weeks Bay did not
experience any shift towards a euxinic ecosystem. Weeks Bay is also observed to be
normal marine because similar surrounding bays in the Gulf Coast, studied by Morse et
al. (2007), were also confirmed normal marine and Weeks Bay long term DOP values
correlated with these locations.
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There is an indirect relationship between pyrite and MeHg. Iron and mercury
results confirmed that when pyrite increases the MeHg decreases because pyrite iron is
competing for available sulfides to make AVS and TRS minerals instead of cinnabar. The
lack of oxygen within the sediment and presence of organic carbon supported the activity
of SRB favoring MeHg and pyrite formation. Hydrogen sulfide accumulated, evidenced
by the presence TRS and AVS minerals, and the competition for sulfides between
reactive iron and inorganic mercury occurred. The wide concentration gap between the
total pyrite and MeHg indicates that reactive iron more strongly competes for sulfides.
The reactive iron overwhelmed inorganic mercury decreasing the chances of
hydrogen sulfide reacting with inorganic mercury to form cinnabar. With the quantity of
iron being greater than MeHg, the probability for cinnabar to form is remote. Therefore,
the more iron that is deposited the less likely for cinnabar to form.
Since Weeks Bay is predominantly normal marine, it is likely that the general
impact of MeHg production and bioaccumulation is possibly significant. After all, MeHg
was confirmed stable with electrode profiled pH and redox results. Hydrogen sulfide was
also confirmed moderately stable depending on wet or dry season. Also, the geochemical
conditions are conducive for pyrite and MeHg production and stability. There is an
adequate presence of reactive iron, sulfate, limited carbon, and hypoxia with burial
favoring SRB productivity and sulfide production. The oxygenated water above the
sediment supports biologic activity and the opportunity for MeHg to work its way up the
food chain.
After examination of the data presented in this work, it is clearly evident that most
geochemically productive areas are near the river mouths. However, even in these high
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productivity areas, the inorganic mercury deposition is very low (less than 0.5µg/gdw)
and the MeHg is even lower (less than 1ng MeHg/g Hg), posing the question how much
MeHg is significant?
According to NOAA and EPA (2001) 1ppm MeHg (1000ng/g) is considered to be
enough to harm humans. The MeHg can readily build and accumulate in organic tissue
over time. The areas that produce MeHg in nanogram quantities is enough to cause
concern with respect to global bioaccumulation (Martin et al. 2009). In the literature,
MeHg concentrations between 0.1-1ng is enough to be considered high because living
organisms have such a low degree of tolerance (less than 1000ng/g) to the highly toxic
properties of MeHg (Ullrich 2001, Whain 2007, Hall et al. 2008, Martin et al. 2009).
With that said, Weeks Bay is producing MeHg and on a global scale it is
contributing to the high levels of MeHg (greater than 1ppm) found in sea food (Martin et
al. 2009). There is justification to label Weeks Bay as a MeHg producing hot spot;
however, to declare that the current quantity of MeHg is high enough to cause concern is
subjective.
When resultant redox and pH electrode profiles are applied to the Eh/pH sulfide
and iron stability diagrams, it is confirmed that pyrite stability is favored throughout the
10cm depth of sediment. Hydrogen sulfide is also confirmed moderately stable and
available for reacting with reactive iron to create the AVS and TRS minerals measured at
all sediment depths. The pyrite formation is favored at all depths, with the exception of
the 4-6cm depth interval, where the absence of pyrite is not well understood. The
measurable quantity of TRS minerals and the confirmed DOP and DOS values greater
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than zero at different depths confirms the formation of pyrite. The pyrite would not form
if sedimentary conditions impacting sulfide/iron stability were not favorable.
Overall, there is a possible connection between pyrite precipitation and mercury
methylization. Results have proven that pyrite and MeHg are not only stable in the
current sedimentary environment but they are also precipitating together and competing
for sulfides. Despite sedimentary conditions being conducive for MeHg production and
stability Weeks Bay should not be considered a mercury contamination hotspot; however,
if mercury deposition significantly increases, then it can potentially disrupt the ratio of
iron to mercury, which may cause MeHg to become more prevalent.

Future Work
More field and laboratory work needs to be done. In the field, deeper cores can be
taken to observe if there is any change in the degree of pyritization to help explain why
no pyrite was found at depths of 4-6cm. A biological study needs to take place to
quantify the SRB, demethylating mercury, iron reducing bacteria, and other reducing or
oxidizing microbes that influence sedimentary iron and mercury reactions. Other metals
may also interact and complex with hydrogen sulfide. It would be useful to know if the
competition for sulfides goes beyond that of iron and mercury, which would require
additional field and lab work.
In the lab cinnabar should also be quantified from the sediment to further validate
the relationship between pyrite and mercury. In a laboratory experiment that models the
geochemical conditions present at Weeks Bay, controlled ratios of reactive iron and
pyrite can be introduced to react over a set period of time and the data generated can be
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used to calculate the rate of mercury methylation and the optimum ratio of iron to
mercury that best inhibits and or promotes MeHg production.
Multiple years of sediment collection and geochemical quantification would also
be useful at more sites to make comparisons on a year by year basis to see any changes in
mercury or pyrite concentrations, or other geochemical parameters. Weeks Bay can use
more sedimentary analysis to increase the growing database, especially if NOAA
considers Weeks Bay a significant MeHg producer. A well documented sedimentation
rate would also be useful to determine the remaining lifespan of Weeks Bay and the
influx of sedimentary iron.
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